Commercially available specimens of pure molybdenum were immersed in a graphite-filled Ta container and heated at a relatively low temperature of 1373 and 1473 K for 1.2 to 18.0 ks. Changes in the yield and maximum strength were evaluated by a three-point bending test at a temperature between room temperature and liquid-nitrogen temperature. Then two parameters, critical stress (apparent intergranular fracture strength) and critical temperature (DBTT), were determined. Finally, the fracture mode was examined using SEM and the apparent transgranular fracture strength was estimated from the relationship between the critical stress and the fracture mode.
Introduction
One of the most effective elements that can improve the mechanical properties of molybdenum (Mo), particularly at low temperatures, is carbon. [1] [2] [3] [4] [5] [6] [7] [8] A small amount of carbon can significantly enhance the fracture strength of pure molybdenum, and consequently, its ductility. The latter effect is characterized by the relative decreasing in the ductile-to-brittle transition temperature (DBTT). Improvement of the ductility of pure molybdenum by carbon addition is interpreted as follows. One is a direct effect, that is, the segregation of carbon atoms at grain boundaries strengthens the boundaries. The other is an indirect effect, that is, carbon addition effectively suppresses oxygen segregation at grain boundaries leading to brittleness. Kurishita and Yoshinaga 9, 10) propose another role of carbon. The effects of carbon on the grain boundary strength are structure-dependent. Carbon segregation at grain boundaries enhances the cohesion of intrinsically weak boundaries, while it weakens the cohesion of intrinsically strong boundaries. Note that ''intrinsically strong'' boundaries are low-angle boundaries and part of coincident-site-lattice (CSL) boundaries. The other boundaries are ''intrinsically weak''. The effects of carbide(s) on the strength and ductility of pure molybdenum, on the other hand, are complicated. Kumar and Eyre 11) suggest that the grain-boundary precipitate, having a favorable coherency with the matrix, suppresses crack propagation along the grain boundaries. However, a relatively coarse precipitate itself might provide a crack generation site and, hence, enhance crack propagation.
Hiraoka et al. 4, 5, 8) investigated the effects at low temperatures of a small amount of carbon on the fracture strength and ductility of commercially available pure molybdenum. They found that both the strength and ductility depend on the carbon content and peak values at a carbon content of as low as 14 mass ppm were demonstrated. They carried out carbon addition with a carbon-vaporized specimen and followed by heating. In their case, however, the vaporized carbon film was quite thin, and thereby, an increase in carbon content was accomplished only by increasing the heating temperature. The standard free energy of formation of Mo 2 C becomes more negative as the temperature is increased. In fact, they observed precipitates (Mo 2 C) in the specimen that had been carbon-added at 1773 K or higher. A carbon content of 14 mass ppm is just the critical value for no precipitation or carbide precipitation. In the specimen containing carbon of 14 mass ppm or lower, no precipitates were observed using a scanning electron microscope (SEM) and a transmission electron microscope (TEM). In the specimen containing carbon of 18 mass ppm or higher, small amounts of very fine precipitates were observed.
In this work, we performed carbon addition at a relatively low temperature. For this purpose, specimens were immersed in a graphite-filled Ta container and then heated at 1373 and 1473 K for 1.2 to 18.0 ks. It is reported that carbon addition can easily be accomplished at such low temperatures. 12) We evaluated the strength and ductility of a specimen by a threepoint bending test at between room temperature and liquidnitrogen temperature. From the change in the yield and maximum strengths with the test temperature, two parameters, critical stress and critical temperature, were determined. Micro-cracking occurs at the critical stress intergranularly and/or transgranularly. This stress represents the apparent intergranular fracture strength of a material. 13) Critical temperature, on the other hand, is an expression of DBTT, and the reciprocal of critical temperature represents lowtemperature ductility. 13) All the specimens that failed below DBTT were examined using SEM. Furthermore, the apparent transgranular fracture strength was estimated from the relationship between the critical stress and fracture mode. Finally, the optimum condition for carbon addition to improve the strength and ductility of molybdenum was determined, and the results were compared with those obtained by Hiraoka et al. 4, 5, 8) 
Experimental Procedures

Materials and specimen preparation
Commercially available pure molybdenum sheet (1 mm thick) was cut into rectangular specimens (3.5 mm wide and 25 mm long) for the three-point bending test. All the specimen surfaces were polished using emery papers from #180 to #600. Then, we performed recrystallization treatment at 1773 K for 3.6 ks in vacuum (<10 À4 Pa). The average grain size after recrystallization was approximately 25 mm.
The carbon content in the specimen was analyzed using HORIBA EMIA-810. The carbon content before carbon addition was 14 mass ppm. The oxygen and nitrogen contents in the specimen were analyzed using LECO TC-600. Before carbon addition, the oxygen and nitrogen contents were both 10 mass ppm.
Carbon addition was performed as follows. The specimens were immersed in a graphite-filled Ta container. Then the container was heated to 1373 or 1473 K at a rate of 0.67 K/s in vacuum. The container was held at this temperature for 1.2 to 18.0 ks and then cooled to room temperature in a furnace. All the surfaces of the specimen after carbon addition were slightly polished using emery papers from #180 to #600 to remove the surface layer. The carbon content after carbon addition was analyzed using HORIBA EMIA-810. The oxygen and nitrogen contents did not change before and after carbon addition. Figure 1 shows the changes in the total carbon content after carbon addition at 1373 and 1473 K. The total carbon content increased almost linearly with the duration. In addition, the carbon content after carbon addition was generally higher at 1473 K than at 1373 K.
2.2 Three-point bending test and fracture surface observation The three-point bending test was carried out at between liquid-nitrogen temperature (77 K) and room temperature (298 K) at a crosshead speed of 0.5 mm/min (initial strain rate is 1:95 Â 10 À4 s À1 ). The specimen was supported as a simple beam. Then a load was applied to a 5-mm-diameter loading pin, which was laid transversely across the center of the specimen. The span of the supporting pins was 16 mm.
From the bending stress-strain curve as schematically shown in Fig. 2 , yield ( y Ã /MPa) and/or maximum ( m Ã / MPa) strengths, and plastic strain ("/%) were calculated using the following equations.
The P y (N) and P m (N) are the yield point and maximum load, respectively. The w (mm) and t (mm) are the specimen width and thickness, respectively. 2a ð¼ 16 mmÞ is the span of the supporting pins. The x (mm) is the displacement of the crosshead. Note that the maximum displacement is mechanically limited in this study. Furthermore, by using the following experimental equations of Hoshika et al., 14) the ''bend'' strength is converted to ''tensile'' strength. The y and m are the converted yield and maximum strength, respectively.
From the change in y and m with the test temperature, two parameters, critical stress ( c ) and critical temperature (T c ), are determined. 8, 15) These parameters are defined as the intersection point, as schematically shown in Fig. 3 .
The fracture surface of the specimen that failed below T c was observed using SEM (HITACH S-4200 FE-SEM), and the fracture mode was examined. In this work, the fracture mode is represented by a parameter, PIF-value. The PIF-value is an area ratio of the intergranular fracture surface to the total fracture surface. Figure 4 shows the typical fractographs before (a) and after (b) carbon addition. Before carbon addition, the fracture mode is primarily of the intergranular type (indicated by ''A'' in the figure), and the specimen indicates a relatively high PIF-value. This result is attributed to the brittleness of the grain boundaries. After carbon addition, in contrast, the fracture mode is primarily of the transgranular type (indicated by ''B''), and the specimen indicates a relatively low PIF-value. This result is attributed to the strengthening of the grain boundaries followed by the improvement in ductility. Note that high-magnification SEM observations revealed no precipitates at the grain boundaries of the specimen after carbon addition.
Results
Change in c and T c after carbon addition
The yield and maximum strengths, and plastic strain are plotted as functions of the reciprocal of test temperature in Fig. 5 (carbon addition at 1373 K) and Fig. 6 (carbon addition at 1473 K). It is known that the yield strength is approximately a linear function of the reciprocal of test temperature. The changes in the yield strength, maximum strength, and plastic strain at a given temperature with the duration were qualitatively the same. The strengths and strain increased after carbon addition for a short duration. After carbon addition for a long duration, the strengths and plastic strain tended to decrease gradually. Figure 7 shows the changes in c with the duration at 1373 and 1473 K. The c significantly increased after carbon addition and demonstrated a peak value at an optimum duration, although the optimum duration at 1473 K was shorter than that at 1373 K. After showing a peak value, c tended to decrease gradually with the duration. Figure 8 shows the changes in T c with the duration at 1373 and 1473 K. The T c significantly decreased after carbon addition and demonstrated a peak value at an optimum duration, although the optimum duration at 1473 K was shorter than that at 1373 K. After showing a peak value, T c tended to increase gradually with the duration. Note that the optimum condition for T c almost agrees with that for c .
Change in the fracture mode after carbon addition
Change in the fracture mode as a function of the distance from the specimen surface is obtained as follows. Figure 9 shows schematically the change in the fracture mode from the surface to the center of the specimen after carbon addition. The area from the specimen surface to the center (total distance is about 500 mm) is divided into 10 regions (regions 1, 2 . . . and 10). Then, the PIF-value was measured for each region. Figure 10 shows the change in the PIF-value with the distance from the surface after carbon addition at 1373 K. Before carbon addition, the PIF-value was about 78%, regardless of the distance from the specimen surface. After carbon addition for 2.4 ks or shorter, the PIF-value in the region near the specimen surface decreased, while the PIFvalue in other regions was as high as before carbon addition. This result suggests that carbon atoms diffused into the matrix only near the surface. After carbon addition for 3.6 ks, the PIF-values demonstrated a so-called ''S''-shaped curve. After carbon addition for 10.8 ks or longer, the PIF-value was as low as about 20%, regardless of the distance from the surface. This result suggests that carbon atoms diffused at least into the center of the specimen. Figure 11 shows the change in the PIF-value with the distance from the surface after carbon addition at 1473 K. After carbon addition for 1.2 ks or longer, the PIF-value was lower than 20%, regardless of the distance from the surface. Figure 12 shows the changes in c and (1=T c ) as a function of the total carbon content. For reference, the data of Hiraoka et al. 5) are also plotted in the figure. Hiraoka et al. carried out carbon addition with a carbon-vaporized specimen and followed by heating at 1673 K or higher. They also carried out tensile tests on the specimens before and after carbon addition. It is clear, first, that c and (1=T c ) demonstrated peak values almost at the same carbon content (about 24 mass ppm) irrespective of the carbon addition temperature. Secondly, the change in c (or (1=T c )) with the total carbon content in this study agreed qualitatively with that in the previous study of Hiraoka et al., 5) although the optimum carbon content in this study was slightly higher than that in the previous study.
Discussion
Change in c and (1=T c ) after carbon addition
Such a disagreement is interpreted as follows. Figure 13 shows the changes in c and (1=T c ) plotted against the increase in carbon content, not the total carbon content. All the data points approximately drop on a single curved line, irrespective of the procedures of carbon addition and methods of mechanical testing (bend tests or tensile tests). strength, while (1=T c ) represents the low-temperature ductility. Therefore, the present result suggests that additive carbon atoms contribute to grain-boundary strengthening, and only a small amount of carbon is necessary to improve the mechanical properties of molybdenum. High-magnification SEM observations revealed no precipitates on the intergranular fracture surface of the specimen that demonstrated a peak value in c . Therefore, the present result also suggests that carbon atoms, not precipitates, contribute to the enhancement of the grain-boundary strength and improvement of the ductility. Figure 14 shows plots of the PIF-value and c before and after carbon addition. Each data point represents the PIFvalue in the regions near the specimen surface, which is the crack generation site. The thick grayish straight line indicates the linear relationship between the critical stress ( c ) and fracture mode (PIF-value). This relationship is expressed using the following equation. 13, 16) PIF-value ¼ 0:2 ð tg À c Þ ð 6Þ
Relationship between critical stress and fracture mode
On the basis of this equation, tg is given at the x-intercept of Fig. 14. In Fig. 15 , tg after carbon addition was estimated and plotted as a function of the increase in carbon content.
The tg after carbon addition of 10 mass ppm or less was almost equal to the value before carbon addition (990 MPa). This result suggests that a small addition of carbon significantly enhances the intergranular fracture strength, while it has almost no detrimental effect on the transgranular fracture strength. On the other hand, tg tended to decrease gradually after carbon addition of more than 10 mass ppm. It is reported that excess carbon addition is detrimental to the strength of a single crystal. 17) It is interesting that the critical carbon content (10 mass ppm) for the transgranular fracture strength almost agrees with the optimum carbon content for the critical stress (intergranular fracture strength). was unchanged after carbon addition of 10 mass ppm or less. In contrast, the apparent transgranular fracture strength tended to decrease gradually after carbon addition of more than 10 mass ppm. 
Summary
